Porous tablets of crystalline calcium carbonate were formed upon sintering of a precursor powder of amorphous calcium carbonate (ACC) under compressive stress (20 MPa) at relatively low temperatures (120-400 uC), induced by pulsed direct currents. Infrared spectroscopy ascertained the amorphous nature of the precursor powders. At temperatures of 120-350 uC and rates of temperature increase of 20-100 uC min 21 , the nanoparticles of ACC transformed into crystallites of mainly aragonite, which is generally difficult to achieve using wet-chemicals under kinetic control. The amorphous precursor particles (y10 nm) transformed into crystallites (y30-50 nm) during sintering. Consistently, the specific surface areas of 140-160 m 2 g 21 for the precursor particles were reduced to 10-20 m 2 g 21 for the porous tablets. The porous network within the tablets consisted of fused aragonite and vaterite particles in a ratio of y80 : 20. The fraction of aragonite to vaterite was invariant to the temperature and rate of temperature change used. The particle size increased only to a small amount on an increased rate of temperature change. At temperatures above 400 uC, porous tablets of calcite formed. The later transformation was under thermodynamic control, and led to a minor reduction of the specific surface area. The size of the crystallites remained small and the transformation to calcite appeared to be a solid-state transformation.
Introduction
Porous calcium carbonates are used as fillers in paper, 1 and are studied for applications in tooth paste 2 and as a substrate for the controlled delivery of drugs. 3 Nanometer sized pores can be introduced into calcium carbonates with or without assistance from organic molecules or polymers. [4] [5] [6] [7] Templatefree methods to synthesize porous calcium carbonates could have advantages over template-based ones, as template removal from internal surfaces and voids in composites of calcium carbonate and organic molecules can be complicated. Micrometer sized pores can be patterned into crystals of calcite by crystallization around micropatterns or particles. 8, 9 Porous powders are seldom useful in practical applications as such, and they often need to be assembled into macroscopic shapes designed for a particular application. Nandi et al.
showed that macroscopic membranes could be produced by sintering commercial powders of calcium carbonate at high temperatures. 10 These membranes had large pores (.500 nm) and porosities of 30-40%. Although such large pores are relevant for certain applications many applications need smaller pores. In this study, we apply a relatively new method for sintering, often referred to as spark plasma sintering to produce tablets of calcium carbonate with small pores. It uses pulsed direct currents to heat the sample, instead of an external heat source. It has been successfully applied to sinter various types of structured ceramics and composites. The heating via pulsed currents allows unusually rapid heating, and consequently to that, densification can be achieved at lower temperatures than with traditional methods. 11 This kind of pulse current processing has also been used to fuse particles of meso-and microporous silicates together without losing the porosity; 12, 13 studies that led us to investigate if this sintering method would be useful for porous calcium carbonates as well. Amorphous calcium carbonate (ACC) has a 40-50% lower density than its anhydrous and crystalline forms. 14 Hence, vaterite and calcite at low temperatures, and at elevated temperatures .40 uC also with the presence of aragonite. [15] [16] [17] [18] Precipitated ACC crystallizes in aqueous solutions if it is not rapidly isolated or otherwise stabilized, for example by subjecting the sample to low temperatures. The solubility of ACC increases with a decreasing temperature, as was established separately by Brečević and Nielsen 19 and Clarkson et al. 20 Even though its solubility is higher at low temperatures, RodriguesBlanco et al. 18 showed that the transformation of ACC to vaterite was slower at a temperature of 7.5 uC than at 25 uC. In general, the formation of amorphous compounds is promoted at high levels of super-saturation, and Brečević and Nielsen 19 showed that nanoparticles of ACC precipitated at high concentrations of Ca 2+ and CO 3 22 . Another way to enhance the super-saturation is by using solvents with lower dielectric constants than water and thereby lowering the solubility of the amorphous phase. Lee et al. showed that unusually stable nanoparticles of ACC precipitated in ethanol. 21 The authors precipitated ACC by dissolving ammonia and Ca 2+ in ethanol and subjecting the solution to CO 2 gas. In a related manner, we synthesized small nanoparticles of ACC by inducing a high super-saturation of Ca 2+ and CO 3 22 in an ethanol-water solution by rapid addition of a reactant. 22 
Sintering
Powders of ACC were subjected to a compressive stress of 20 MPa and pulsed direct currents that rapidly raised the temperature using a sintering device (Dr. Sinter 2050, Sumitomo Coal Mining Co., Tokyo, Japan). y100 mg of ACC was loaded into a steel die with an inner diameter of 8 mm.
The setup was heated to targeted temperatures in the range of 120-400 uC using different rates of heating (20-100 uC min 21 ).
The dwelling time at targeted temperature was three minutes and further details regarding the sintering profile are described by Zhao et al.
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Scanning electron microscopy (SEM)
A JEOL JSM-7000F microscope was used to record SEM images in a secondary electron imaging mode. An acceleration voltage of 2.5 kV was used. Powders of ACC were sprinkled on sample holders covered with carbon-ink and allowed to dry. A few samples were coated with a thin layer of carbon (y10 nm).
X-ray powder diffraction (XRD)
X-ray diffractograms were recorded on a PANalytical X'Pert Pro diffractometer using Cu Ka 1 (l = 1.5406 Å) radiation and a PIXel detector. Diffractograms were acquired at 20u , 2h , 60u with a scanning speed of 0.04u s 21 (y17 minutes per diffractogram). Finely ground powders of calcium carbonate were dispersed in isopropanol and spread uniformly on silicon plates. Where indicated, whole tablets were specifically oriented in custom-made putty sample holders. The powder XRD data were analyzed using the X'Pert Highscore Plus program. Two-dimensional X-ray diffraction patterns were recorded at room temperature on an Oxford Diffraction Xcalibur3 diffractometer using Mo Ka radiation (l = 0.71073 Å) and a Sapphire-3 CCD detector (with Gaussian absorption correction). Fractured pieces of y0.5 mm in diameter of the sintered tablets were exposed to the X-ray beam for five minutes, both from the surface and from the bulk of the tablets.
Infrared spectroscopy
Fourier transform infrared (FTIR) spectra were recorded on a Varian 670-IR spectrometer equipped with an attenuated total reflection detector (Goldengate by Specac). Spectra were recorded on finely ground powders at a spectral resolution of 4 cm 21 .
N 2 adsorption
Adsorption and desorption isotherms of N 2 was measured at the boiling point of N 2 (2196 uC) with either a Micromeritics Gemini 2375 device, or a Micromeritics ASAP2020 device. Before experimentation, occluded molecules were removed, either by subjecting the samples to a stream of dry N 2 for at .20 hours at a temperature of 300 uC in a Micromeritics FlowPrep 60 system, or by subjecting them to conditions of dynamic vacuum and a temperature of 150 uC for six hours.
Specific surface areas were evaluated in the model of Brunauer, Emmett and Teller (BET) using the adsorbed amount of N 2 at relative pressures of 0.06-0.3.
Result and discussion

Nanoparticles of amorphous calcium carbonate
We extended the protocol of Gebauer et al. 23 to be able to synthesize large enough quantities of ACC. ACC was precipitated as nanoparticles from ethanol-rich mixtures of ethanol and water (5.7 vol% water) by reacting equimolar quantities of CaCl 2 and Na 2 CO 3 . Sediments of aggregated nanoparticles of ACC were separated from the reaction mixtures before they started to transform into their crystalline polymorphs. Each synthetic batch was analysed to assure the amorphous nature by FTIR spectroscopy (a typical FTIR spectrum is presented in the ESI, 3 Fig. S1 ). In about one out of ten batches there were traces of aragonite, which were discarded. For each batch y250 mg of ACC were produced with close to a stoichiometric yield, and we regard further scale-up to be straightforward. The nanoscopic character of the precipitated ACC was analyzed by SEM and by measuring the specific surface area. Fig. 1 shows four SEM images of small particles of ACC. Uncoated particles of ACC are displayed in Fig. 1a and b and the average particle size for these particles was y10 nm. As SEM images of ACC are prone to artifacts, carbon coated particles of ACC were also imaged. Fig. 1c and d display SEM images of ACC particles coated with carbon and the particles size was y30 nm, consistent with a carbon layer with a thickness of y10 nm. The SEM micrographs indicate a narrow particle size distribution. These SEM images are highly similar to those observed by Gebauer et al., 23 who also established that the particle distribution was narrow and that the average size of ACC was y11 nm when synthesized under similar conditions by using Small Angle X-ray Scattering (SAXS determined specific surface areas for synthetic and biogenic particles of ACC to be 9-42 m 2 g 21 . Note that the specific surface areas for ACC can easily vary one order of magnitude owing to differences in particle size, and high super-saturation levels of Ca 2+ and CO 3 22 promote the formation of small nanoparticles of ACC with a high specific surface area.
Sintering of nanoparticles of ACC -effect of temperature
Transformation of amorphous nanoparticles into crystalline particles and fusing of particles into macroscopic bodies are expected to be temperature dependent. Powders of ACC were sintered at temperatures of 120 uC-400 uC. The sintering took place under compressive stress and a temperature that was rapidly increased to the set temperature. The rapid temperature increase was assured by applying pulsed direct currents throughout the steel die used, which was used to hold the powder under compressive stress. The tablets that were sintered at 250 uC-400 uC were stronger than those that were sintered at lower temperatures. photograph of a sintered and porous tablet, (b) a scanning electron microscope (SEM) image of neat nanoparticles of ACC used as precursors for the crystalline tablet, and two representative SEM images of the fracture edges for two porous tablets that had been sintered at 120 uC (c) and 400 uC (d). Fig. 2 c and d displays SEM images of the porous structure of the tablets, which consisted of networks of well-interconnected particles of 50-100 nm in size. The tablets sintered at temperatures of 120 uC-350 uC all had BET surface areas of 15-20 m 2 g 21 (see Table 1 ), values which were consistent with those expected from interconnected spheres of calcium carbonate of y50 nm in size (smooth non-connected spheres of aragonite with a radius of 25 nm, would have a specific surface areas of 41 m 2 g 21 ). The tablets prepared at high temperatures appeared to contain only somewhat smaller pores than those prepared at low temperatures (cf. Fig. 2c and  d) . The specific surface area decreased by only a minor amount on increasing the temperature, which was consistent with the minor change in particle size observed by SEM. A set of SEM images was recorded on the sintered tablets at different levels of magnification. These are presented in the ESI 3 ( Fig. S3-S6 ).
Note, Xu et al. 30 showed that films of ACC transformed to calcite after heating with no pressure applied. The overall consistency observed between the specific surface areas and the particle sizes established by SEM indicated that most, if not all, pores of the tablets were accessible to the adsorbing nitrogen gas. A reduced surface area, compared with the others, was determined for tablets sintered at 400 uC, which indicated a start of pore collapse within the network. Semi-quantitative analysis of X-ray diffractograms 31 were applied to determine the average compositions of aragonite, vaterite, and calcite. The reflections were broad, indicating crystallites of nanometer size, which is consistent with the sizes estimated from SEM images and specific surface areas determined by adsorption. The surface areas reduced 5-10 fold on sintering, which was consistent with 3-5 times larger nanoparticles and a doubling of the density of the calcium carbonate. Fig. 3 shows powder X-ray diffractograms of ground powders of sintered tablets of calcium carbonate. The patterns correspond to those of aragonite with a minor fraction of vaterite for tablets sintered at temperatures of 120-350 uC, and to that of calcite for tablets sintered at 400 uC. The broad reflections in the diffractograms indicated that the tablets consisted of nanocrystals. A finding that was consistent with the dimensions observed in the SEM images and the relatively large specific surface areas determined from nitrogen adsorption data. X-ray diffractograms that were recorded on intact tablets indicated that minor amounts of calcite formed on the surface of the tablets, especially in the outer rim (lateral surface) (Fig. S7, ESI 3 ) . A two-dimensional diffractogram was recorded on a fractured piece of the bulk of a tablet sintered at a temperature of 300 uC. Ring patterns from aragonite are visible and no obvious mutual alignment or orientation are detected (Fig. S8, ESI3 ). It appears as the crystallites are randomly distributed within the tablets. Although aragonite is the high-temperature-pressure polymorph of calcium carbonate, the macroscopic phase of aragonite becomes thermodynamically stable at much higher temperatures and pressures than those applied during the sintering process in this study. 33 It is well-established that aragonite primarily forms in aqueous solutions at elevated temperatures and ambient pressure; 34, 35 however, aragonite does not form under thermodynamic control. Under these conditions the solubilities of calcite, aragonite and vaterite decrease with increasing temperature, but calcite remains less soluble than aragonite, which in turn remains less soluble than vaterite, as Kawano et al. 34 showed in their summarized literature reports on the temperature dependency of the activity-based solubility products of the different polymorphs of calcium carbonate (in between 0 uC and 100 uC). Note that the solubility product, K sp , directly reflects thermodynamic stability as it is related to the free enthalpy change as DG = 2RT ln[1/K sp ]. DG is the change in free enthalpy upon formation of the solid in water. This trend is in accordance with the phase stability within the solid-state as reported by Jamieson et al. 33 and hence, crystallization of the ACC on sintering occurred under kinetic control as it formed mainly aragonite with a minority fraction of vaterite, instead of calcite. Yoshino et al. 36 recently studied pressure-induced crystallization of ACC at room temperature with different amounts of water. They observed crystals of vaterite and calcite when subjecting ACC to pressures .240 MPa for ACC with 21 wt% water, and at somewhat higher pressures when the ACC contained less water. These pressures were significantly larger than the 20 MPa which we used. Calcite is the thermodynamically stable modification of calcium carbonate under the conditions applied. This strongly suggests that, in fact, temperature exerts the kinetic control over aragonite formation, and this trend apparently holds true for different pathways, in solution and in the solid state. That aragonite is the stable high-pressure polymorph of calcium carbonate (it is more dense than calcite) was not relevant at the pressures used in this study, as was apparent from that calcite formed at 400 uC, which in turn can be rationalized as a solid-solid phase transition. At ambient pressures, the solid-solid phase transitions occur at y360 uC-500 uC for vaterite to calcite [37] [38] [39] and at y400 uC-500 uC for aragonite to calcite. 38, 40 Perić et al. 38 showed that structural water (the ACC precursor particles are CaCO 3 ?H 2 O, Fig. S9, ESI3 ) accelerated the kinetics of transformation, and Baitalow et al. 37 showed that the presence of ACC lowered the temperatures for the solid-solid phase transition. It is reasonable to assume that these transition temperatures were not significantly affected by the moderate compressive pressure (20 MPa) used here. Most likely, the ACC transformed first to aragonite and vaterite, and then successively, and rapidly, to calcite at 400 uC. Speculatively, this could be related to the fact that ACC mostly transforms to vaterite and aragonite at elevated temperatures in aqueous solutions. [15] [16] [17] [18] We would have expected a different morphology of the microstructure within the tablets, if ACC had transformed directly to calcite. We infer that the formation of calcite at temperatures .400 uC was due to thermodynamic control, while the crystallization of ACC into aragonite and vaterite, at temperatures of ,400 uC was due to kinetic control. We emphasize that under the sintering conditions applied in this study, phase transitions of ACC to crystalline forms are expected to be, or closely related to, solid-(solid)-state transitions owing to the elevated temperatures and the water free atmosphere applied. While it is known that the conditions for the crystallization can influence the type of pathways traveled, i.e. re-dissolution-crystallization or solid-solid state transformations, 30 the conditions applied in our study only allow for the latter type of pathway. The question whether and how the pathway of crystallization of ACC can be controlled in solution is a topical subject, which is however not directly relevant for this study; it appears that in solution, additives can play important roles, 41 but it is very likely that also especially particle size of ACC, 42 spatial confinement 43 and other extensive and intensive variables will influence the mode of crystallization of ACC.
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Sintering of nanoparticles of ACC -effect of rate of temperature change
Another set of tablets were produced to test the effect of rate of temperature change during the sintering. Differential rates of temperature change could induce different changes in the microstructures that develop when subjecting nanoparticles of ACC to compressive stress and an enhanced temperature. We studied the effect of the rate of temperature change (20, 50 , and 100 uC min 21 ) at four temperatures that in the earlier part of the study showed aragonite-rich tablets (200, 250, 300, and 350 uC). Semi-quantitative analyses of the X-ray diffractograms determined the relative fractions of aragonite to vaterite within the tablets. These fractions were largely invariant to both the temperature and the rate of temperature used during the sintering. Scherrer analyzes of reflection widths revealed that the crystallite were small with a size largely invariant to both heating rate and sintering temperature. The sizes given by Scherrer analysis agreed well with the particle sizes estimated by SEM. Irrespectively of the heating rate used, the sintered porous tablets consisted of mainly aragonite with a minority fraction of vaterite. Table 2 presents data on the average composition and the size of the crystallites as a function of both the temperature and the rate of temperature change used during the sintering of ACC into tablets of porous calcium carbonate. It was striking to us how robust both the relative composition and the size of crystallites of aragonite and vaterite were to both the temperature and the rate of temperature change applied during the sintering of nanoparticles of ACC. During the pulsed currents applied to heat the samples during sintering, the temperature rose rapidly. The rapid temperature rise, combined with a short holding time, limit the time for ripening and grain growth. Smaller grains are achieved, when compared with hot pressing or other slower tools for sintering. 11 Still, we observed a slight increase in the size of the crystallites on an increased rate of temperature change (10-20%).
Conclusions
Porous tablets of crystalline calcium carbonate formed by rapidly heating nanoparticles of ACC under compressive stress. The rapid heating hindered grain growth. The tablets consisted of mainly the polymorph aragonite with a minority fraction of vaterite, when the temperature applied was ,400 uC. At higher temperatures calcite formed. An increase in the rate of temperature change did not affect the composition, or even increase the size of crystallites much. It could be the sintering conditions that defined the tendency of aragonite formation. As we detected batches of ACC precursors that already had traces of aragonite before sintering, it could also have been the particular nanoparticles of ACC used that were prone to aragonite formation as such. These nanoparticles of ACC were precipitated from ethanol without additives, and we expect that this procedure could be scaled up further. The porous tablets had specific surface areas of y15 m 2 g 21 , and they could be useful in applications that could be sensitive to the presence of additives, or if a large fractions of aragonite would be beneficial. Macroscopic tablets of porous aragonite are not easy to synthesize by means of other synthetic strategies than that reported here. 
